Background: PML is a tumor suppressor involved in response to viral and genotoxic stress. Results: Depletion of IL6 siRNA-mediated knockdown of STAT3 or NEMO suppresses PML gene expression. Conclusion: PML is regulated via IL-6-dependent JAK-STAT3 and PI3K-NFB signaling pathways in an autocrine/paracrine manner. Significance: Paracrine regulation of PML gene expression is a part of tissue adaptation to local stress.
Tumor suppressor PML is induced under viral and genotoxic stresses by interferons and JAK-STAT signaling. However, the mechanism responsible for its cell type-specific regulation under non-stimulated conditions is poorly understood. To analyze the variation of PML expression, we utilized three human cell types, BJ fibroblasts and HeLa and U2OS cell lines, each with a distinct PML expression pattern. Analysis of JAK-STAT signaling in the three cell lines revealed differences in levels of activated STAT3 but not STAT1 correlating with PML mRNA and protein levels. RNAi-mediated knockdown of STAT3 decreased PML expression; both STAT3 level/activity and PML expression relied on IL6 secreted into culture media. We mapped the IL6-responsive sequence to an ISRE(؊595/؊628) element of the PML promoter. The PI3K/Akt/NFB branch of IL6 signaling showed also cell-type dependence, being highest in BJ, intermediate in HeLa, and lowest in U2OS cells and correlated with IL6 secretion. RNAi-mediated knockdown of NEMO (NF--B essential modulator), a key component of NFB activation, suppressed NFB targets LMP2 and IRF1 together with STAT3 and PML. Combined knockdown of STAT3 and NEMO did not further promote PML suppression, and it can be bypassed by exogenous IL6, indicating the NF-B pathway acts upstream of JAK-STAT3 through induction of IL6. Our results indicate that the cell type-specific activity of IL6 signaling pathways governs PML expression under unperturbed growth conditions. As IL6 is induced in response to various viral and genotoxic stresses, this cytokine may regulate autocrine/ paracrine induction of PML under these pathophysiological states as part of tissue adaptation to local stress.
Promyelocytic (PML) 4 nuclear bodies (NBs) are complex structures of mammalian nuclei comprising more than 100 proteins of various function including important cell cycle and cell fate regulators and factors involved in response to DNA damage (1) . PML, a scaffold protein required for structural maintenance of PML NBs, is considered a tumor suppressor (for review, see e.g. Refs. 2 and 3), as loss of PML gene integrity by chromosomal translocation and gene fusion is linked to pathogenesis of acute promyelocytic leukemia (4) and mice with ablation of PML are tumor-prone (5) . Importantly, PML expression is frequently deregulated in many human solid tumors (6 -8) . Early stages of epithelial tumors feature higher levels of PML than normal tissue cells, whereas advanced invasive tumor stages are associated with down-regulation of PML. Interestingly, Koken et al. (8) reported a high abundance of PML in tumor stroma regardless of tumor stage, especially in the vascular component. These expression patterns indicate decreased expression or loss of PML during acquisition of the invasive phenotype and involvement of a paracrine mechanism in PML induction (8) . The latter notion is consistent with several studies showing that PML is inducible by cytokines, namely type I and type II interferons (9 -12) .
The mechanism of tumor-suppressive function of PML is not completely understood. In general, PML plays a role in cellular senescence and apoptosis (for reviews, see e.g. Refs. 13 and 14) . Some effects of PML can be linked directly to PML protein itself, whereas others can be attributed to the function of PML nuclear compartment, which is built with the aid of PML tetramers. Soluble PML can bind to p53, a transcription factor mediating DNA damage response, senescence, and apoptosis, and facilitates acetylation, stabilization, and phosphorylationmediated activation of p53 (15, 16) . Moreover, as a direct transcriptional target of p53, PML is implicated in a positive feedback loop controlling p53 activity (17) . Furthermore, PML and PML NBs cooperate with pRb in formation of chromatin-dense nuclear structures known as senescence-associated heterochromatin foci (18 -21) observed in some forms of cellular senescence (22) . Multiplication of PML NBs is observed in almost all types of cellular senescence (13, 15, (23) (24) (25) (26) . The elevation of PML in senescent cells is mediated at the transcription level (25) via activated Janus kinase/signal transducer and transcription activator (JAK/STAT) signaling (27) and/or posttranslationally in some cell types (28) .
Several groups including ours reported that various genotoxic stresses leading to activation of DNA damage response induce expression of a complex cytokine network (for reviews, see Refs. 29 -31) , which can also include type I and type II interferons (32) . Activated JAK/STAT signaling accompanying lasting DNA damage response during drug-induced premature senescence contributes to multiplication of nuclear PML compartment through modulation of PML transcript level (33) . Notably, PML NBs were found to quickly reassemble after DNA damage and to co-associate with persistent DNA lesions (33) (34) (35) , implicating PML NBs in metabolism of damaged DNA (36) . Importantly, persistent DNA damage response activity and development of cellular senescence is a feature characteristic for early stages of human tumorigenesis (37) (38) (39) (40) (41) . Collectively, these findings suggest that under conditions of genotoxic stress the PML compartment is regulated at least in part in an autocrine/paracrine manner via secreted cytokines activating the JAK/STAT signaling pathway. Although we reported previously that JAK/STAT signaling (33) directly modulates PML transcription, the key cytokine responsible for PML activation was not determined due to a wide spectrum of cytokines produced by senescent cells.
In contrast to our understanding of PML gene induction during genotoxic stress, regulation of PML transcription under unstressed conditions is currently unclear. Despite that it has been known for almost two decades that various normal and malignant human cell types both in vitro and in vivo harbor variable numbers of PML nuclear bodies (42), the underlying mechanism responsible for such differences is unknown. In addition, the number of PML NBs noticeably differs even among individual cells in a given cell population (43) partly reflecting cell cycle dependence (8) or proliferative age (see e.g.
Ref. 23).
In this study we address some of the open questions about PML regulation and show that expression of PML under unperturbed cell culture conditions is partially dependent on IL6, whose level of secretion is cell type-dependent. In general, IL6 is a functionally pleiotropic cytokine produced by many cell types in response to injury, inflammation, and infection. IL6 is an important regulator of cell proliferation and survival, and it is involved in regenerative and inflammatory processes (for review, see Ref. 44) . Such functions of IL6 are mediated via its binding to membrane-bound or -soluble ␣-subunit IL6 receptor. IL6-IL6 receptor complexes then associate at the cellular membrane with two molecules of gp130 subunit followed by gp130 homodimer formation, which results in activation of kinases JAK1, JAK2, and TYK2. These events trigger engagement of phosphatase Src homology domains containing tyrosine phosphatase-2 (SHP-2) and subsequent initiation of signaling cascades including JAK/STAT-3, phosphoinositide 3-kinase (PI3K)-protein kinase B/Akt (PKB/Akt) and ras/raf/ mitogen-activated protein kinase pathway (MAPK) (for review, see e.g. Refs. 44 and 45) . Our present results also show that activities of both the JAK/STAT and PI3K/Akt pathways correlate with PML expression, which in turn is IL6-inducible. Furthermore, down-regulation of key components of either of the two signaling pathways leads to suppression of PML levels. We conclude that IL6 signaling represents an important determinant of regulation of the PML nuclear compartment.
EXPERIMENTAL PROCEDURES
Antibodies-The following antibodies were used: mouse monoclonal antibody PG-M3 against PML (for immunofluorescence), rabbit polyclonal antibodies against PML (for immunoblots), STAT5, phosphotyrosine 694 of STAT5, STAT3 (clone C-20), NEMO, and p53 (all from Santa Cruz Biotechnology (Santa Cruz, CA)); mouse monoclonal antibody against phosphotyrosine 705 of STAT3, rabbit polyclonal antibodies against phosphotyrosine 701 of STAT1, phosphoserine 15 of p53, rabbit monoclonal antibodies against phosphoserine 473 of Akt and against total Akt (all from Cell Signaling Technology (Danvers, MA); mouse monoclonal antibody against GAPDH (GeneTEX, Irvine, CA); mouse monoclonal antibody against phosphoserine 139 of histone H2AX (Millipore, Billerica, MA); mouse monoclonal antibody against total STAT1 (SM2 clone, Exbio, Vestec, Czech Republic). For immunofluorescence, secondary antibodies anti-mouse IgG antibody conjugated with Cy3 (Jackson ImmunoResearch Laboratories, West Grove, PA) and anti-rabbit IgG antibody Alexa 488 (Invitrogen) were used.
Cell Cultures-Human cancer cell lines HeLa (cervix carcinoma), U2OS (osteosarcoma), and BJ normal human fibroblasts (at population doublings between 30 and 45) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. Cells were kept at 37°C under 5% CO 2 atmosphere and 95% humidity.
Indirect Immunofluorescence-Cells grown on glass coverslips were fixed by 4% formaldehyde and permeabilized by 0.1% Triton X-100 in two consecutive steps, each for 15 min at room temperature. After washing with PBS, cells were incubates in 10% FBS (diluted in PBS) for 30 min to block unspecific signal. After this step cells were incubated with diluted primary antibodies for 1 h at room temperature and then extensively washed with PBS, 0.1% Tween 20. The incubation with secondary antibodies was performed for 1 h at room temperature. To counterstain nuclei, coverslips were mounted in Mowiol containing 4Ј,6-diamidino-2-phenylindole (Sigma) and viewed by a fluorescence microscope (Leica DMRXA).
Quantitative Real Time RT-PCR (qRT-PCR)-Total RNA samples were isolated using the RNeasy Mini kit (Qiagen, MD) according to the manufacturer's protocol. First strand cDNA was synthesized from 200 ng of total RNA with random hexamer primers using TaqMan Reverse Transcription Reagents (Applied Biosystems). qRT-PCR was performed in ABI Prism 7300 (Applied Biosystems) using SYBR Green I Master Mix (Applied Biosystems) with the following set of primers: PML (designed to encompass PML exons common to all isoforms), 5Ј-CCG CAA GAC CAA CAA CAT CTT-3Ј, 5Ј-CAG CGG CTT GGA ACA TCC T-3Ј; actin, 5Ј-AGG CAC CAG GGC GTG AT-3Ј, 5Ј-TCG CCC ACA TAG GAA TCC TT-3Ј; STAT3, 5Ј-CTT TGA GAC CGA GGT GTA TCA CC-3Ј, 5Ј-GGT CAG CAT GTT GTA CCA CAG G-3Ј; NEMO, 5Ј-GGT GGA GCA CCT GAA GAG AT-3Ј, 5Ј-CAG AGC CTG GCA TTC CTT AG-3Ј; IL6, 5Ј-AGC CCT GAG AAA GGA GAC ATG TA-3Ј, 5Ј-TCT GCC AGT GCC TCT TTG C-3Ј; IRF1, 5Ј-AAA AGG AGC CAG ATC CCA AGA-3Ј, 5Ј-CAT CCG GTA CAC TCG CAC AG-3Ј; LMP2, 5Ј-TGT GCA CTC TCT GGT TCA GC-3Ј, 5Ј-GGA GGT TCC TCC AGT TCT ATC C-3Ј; CTNNB1, 5Ј-CAC AAG CAG AGT GCT GAA GGT G-3Ј, 5Ј-GAT TCC TGA GAG TCC AAA GAC AG-3Ј. The relative quantity of cDNA was estimated by ⌬⌬Ct, and data were normalized to ␤-actin. Samples were measured in triplicate.
SDS-PAGE and Immunoblotting-Cells were harvested into Laemmli SDS sample lysis buffer, sonicated, and centrifuged at 16,000 ϫ g for 10 min. Proteins concentration was estimated by the BCA method (Pierce). 100 mM DTT and 0.01% bromphenol was added to lysates before separation in polyacrylamide gels by SDS-PAGE (9% gels were used). The same protein amount (25 g for BJ cells, 35 g for other cell lines; in experiments with cell line comparison, 25 g of protein was used) was loaded into each well. Proteins were electrotransferred onto a nitrocellulose membrane using wet transfer and detected by specific antibodies combined with horseradish peroxidase-conjugated secondary antibodies (goat anti-rabbit, goat anti-mouse; Bio-Rad). Peroxidase activity was detected by ECL (Pierce). GAPDH was used as a marker of equal loading.
Estimation of PML Promoter Activity-The Bluescript II SKϩ plasmid containing the PML promoter fragment (Ϫ809/ ϩ633) in front of a luciferase reporter gene (PML 1.44-Luc) was a gift from H. de Thé (27) . ⌬ISRE PML-Luc was made by deletion of a 34-bp fragment (Ϫ595/Ϫ628) containing the ISRE element using adjacent BglII and NcoI restriction sites. To measure luciferase activity, cells were seeded at 6 ϫ 10 4 per well in 12-well plates 1 day before transfection. 450 ng of PML 1.44-Luc or ⌬ISRE PML-Luc with 50 ng of vector containing Renilla luciferase under thymidine kinase promoter (pRL-TK) were transfected to each well using FuGENE 6 (Roche Diagnostics). 24 h after transfection cell lysates were harvested according to the manufacturer's protocol. For the dual luciferase assay, luciferase activities were quantified with a luminometer (GloMaxMulti Microplate Multimode Reader, Turner Biosystems, CA) using the Dual Luciferase Reporter Assay System (Promega, Madison, WI). The values are given as ratios of PML-Luc and pRL-TK luminescence (arbitrary units).
Determination of Cytokines in Cultivation Media-The conditioned medium from cells was collected 24 h after fresh medium was changed, and the numbers of cells per each dish were counted. The concentrations of IL6 and IL1␤ were estimated by a FACS bead array using FlowCytomix Human Simplex kit (IL6-BMS8213FF, IL1␤-BMS8224FF; Bender MedSystems, Wien, Austria) on flow cytometer LSRII (BD Biosciences) according to the manufacturer's protocol.
Estimation of IL6 Biological Activity-To test the effectiveness of IL6 depletion mediated via IL6 antibody (2 g/ml; goat polyclonal antibody; R&D Systems, Inc., Minneapolis, MN), growth dependence of mouse hybridoma B9 cells on the presence of IL6 was utilized (46) . The conditioned media from BJ and HeLa cells incubated for 2 and 4 days, respectively, with IL6
antibody were transferred in a 1:1 dilution with fresh medium to mouse hybridoma B9 cells seeded in triplicate at a density of 25,000 cells/ml on 24-well plates. As positive or negative controls, B9 cells were cultivated with or without the addition of recombinant IL6 (100 pg/ml, Peprotech, NJ), respectively. 50-l aliquots of B9 cell cultures were removed after 3 days, and cell growth and viability were measured after staining with Hoechst 33258 (Invitrogen) by flow cytometer (BD LSRII, BD Biosciences). To test for antibody toxicity in B9 cells, goat polyclonal antibody against HP1␥ (Santa Cruz) was used at a concentration 2 g/ml.
siRNA-mediated Gene Knockdown-Specific siRNAs were introduced into cells using Lipofectamine™ RNAiMAX (Invitrogen). Non-sense siRNA sequences were used as negative control siRNAs. siRNA was used are shown (non-sense siRNA sequences and siSTAT3 (Ambion); si NEMO (Dharmacon)): siSTAT3, #1 (5Ј-GGCUGGACAAUAUCAUUGAtt-3Ј), #2 (5Ј-GCCUCAAGAUUGACCUAGAtt-3Ј), #3 (5Ј-GCACCUUCCUGCUAAGAUUtt-3Ј); siNEMO, a mix of four siRNAs (no sequence available).
Chromatin Immunoprecipitation-Chromatin immunoprecipitation was performed as described previously (47, 48) . Briefly, untreated BJ, HeLa, U2OS, and IL6-treated HeLa (5 ng/ml for 0, 0.5, 1, and 6 h) and U2OS (5 ng/ml for 48 h) were fixed (5 ϫ 10 6 cells/sample) with 1% formaldehyde for 15 min, and the reaction was stopped with 0.125 M glycine. Cells were lysed in radioimmune precipitation cell lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8, 5 mM EDTA) for 10 min on ice. All buffers were supplemented with protease inhibitors (Complete EDTA-free, Roche Diagnostics). Samples were sonicated 33 times for 10 s with 50-s pause at 23% amplitude (Digital Sonifier 450, Branson Ultrasonics Corp.) in an ice bath. Protein concentration was adjusted to 1 mg/ml with radioimmune precipitation assay buffer. A part of each lysate was saved as a control reaction input. Lysates were precleared with protein A/G UltraLink Resin beads (Thermo Scientific) pre-equilibrated in radioimmune precipitation assay buffer. Precleared samples were then incubated with individual antibodies (STAT3, clone C-20, and STAT5; Santa Cruz) overnight at 4°C followed by incubation with A/G UltraLink Resin beads for 3 h at 4°C. The same total protein amount was used for each reaction. Immunocomplexes bound on beads were washed twice with radioimmune precipitation assay buffer, four times with LiCl buffer (100 mM TrisHCl, pH 8.0, 1 mM EDTA, 500 mM LiCl, 0.5% Nonidet P-40, 0.5% sodium deoxycholate), and twice with TE buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA). Protein-DNA complexes were eluted with 0.1 M Tris-HCl, pH 8.0, 1 mM EDTA, and 1% SDS, de-cross-linked in the presence of 200 mM NaCl for 5 h at 65°C, and then treated with proteinase K (20 g/sample) for 30 min at 45°C. DNA was extracted with phenol/chloroform, precipitated, and PCR-amplified. The following primers encompassing ISRE element in PML promoter were used: 5-TCAAGGGACTCAGCCAACTGG-3 and 5-GAGGCAT-GGTGGGCTCCT-3.
Statistical Analysis-Data were expressed as the means Ϯ S.E. Analysis of variance was used for statistical evaluation of the data. p valueϽ0.05 was expressed as significant difference.
RESULTS

PML NBs, PML Protein, and Transcript Level Are Modulated in a Paracrine
Manner-In our previous work we showed that PML gene transcription is regulated in an autocrine manner via cytokine-activated JAK/STAT signaling pathways in human normal and cancer cell lines exposed to various genotoxic compounds (33) . To provide further insight into PML gene regulation, we asked whether autocrine/paracrine signaling determines PML levels also in naïve cells grown under unperturbed conditions in vitro. First, we selected three human cell types that feature low (U2OS cells, 3-4 PML NBs), medium (HeLa cells, 7-8 PML NBs), and high (BJ cells, PD 35, Ͼ30 PML NBs) numbers of PML NBs per nucleus, respectively, when grown under standard conditions (see Fig. 1A for PML NBs immunofluorescence staining). Next, we exposed U2OS cells with low content of PML NB to culture medium conditioned by BJ fibroblasts (population doubling 38) for 1 and 2 days and examined the number of PML NBs (Fig. 1B) . We found an increase of the number of PML NBs in U2OS cells exposed to BJ-conditioned media. This intriguing result was further corroborated by the elevated PML mRNA examined by real time RT-qPCR ( Fig. 1C) and elevated PML protein determined by immunoblotting (Fig.  1D ). Both protein and mRNA levels of PML significantly increased in U2OS cells exposed to preconditioned media already after 24 h. These data indicate that the variation of basal PML gene expression seen in various cell types under normal cell culture conditions depends on signaling molecules secreted into culture media, consistent with the hypothesis that autocrine/paracrine mechanisms contribute to regulation of the PML compartment.
Activity of IL6-JAK/STAT Signaling Is Cell Type-dependent and Correlates with PML Expression-As reported previously, PML transcription is regulated by interferon-stimulated JAK/ STAT signaling (27, 33) . Therefore, we next compared the basal activity of JAK/STAT1/3/5 signaling in U2OS, HeLa, and BJ cells. The level of activated STAT1 (detected as STAT1 phosphorylated at tyrosine 701) was undetectable in all three cell types, yet it was inducible upon IFN␥ treatment in all three cell types ( Fig. 2A , only BJ is shown). The level of activated STAT5 (detected as STAT5-phosphorylated at tyrosine 694) was also almost undetectable in all three cell lines ( Fig. 2A) . In contrast, basal levels of activated STAT3 (phosphorylated at tyrosine 705) were detectable, highest in BJ, and lowest in U2OS cells ( Fig. 2A) , correlating with PML mRNA levels (Fig. 2C ) and the number of PML NBs (Fig. 1A) in these cell types. Because p53 was reported as a candidate inducer of PML (17) and endogenous stress can activate p53, we assessed the basal level of the activated form of p53 (detected with antibody against p53 phosphorylated at serine 15). Serine 15-phosphorylated p53 was very low-to-undetectable in all three cell types (see Fig. 2B ) consistent with low levels of endogenous DNA damage assessed by nuclear foci of serine 139-phosphorylated histone H2AX (␥H2AX), a surrogate marker of DNA damage signaling (49) , in contrast to elevated ␥H2AX in positive control cells treated by camptothecin (Fig. 2D) . Interestingly, the concentration of the inductor of the JAK/STAT3 pathway, IL6, when measured in conditioned media of each of the three cell types was highest in BJ, lower in HeLa, and below the detection limit (1.2 pg/ml of assay used; see "Experimental Procedures") in U2OS cells, correlating again with levels of activated STAT3 and the number of PML NBs (Fig. 2E) . Intriguingly, IL6 levels correlated with IL1␤, which was reported to induce IL6 (Ref. 50; Down-regulation of IL6/STAT3 Signaling Results in Suppression of PML Gene Expression-To test directly whether IL6-JAK/STAT3 signaling is involved in PML gene regulation, siRNA-mediated knockdown of STAT3 was performed in BJ cells, and the effect of such STAT3 depletion on PML expression was estimated. Three independent specific STAT3 siRNAs were tested (see supplemental Fig. 1A) , and siSTAT3 #2 was selected for further experiments. STAT3 siRNA transfection resulted in almost complete knockdown of STAT3 at mRNA (Ͼ90%) and protein levels by 48 h after transfection (Fig. 3, A  and B) . This was accompanied by a substantial decrease of numbers of PML NBs (Fig. 3C ) and PML protein levels (Fig. 3B) and suppression of PML mRNA (Fig. 3D) . To analyze whether the effect of activated STAT3 on PML gene expression is mediated via secreted IL6, BJ-conditioned medium was depleted for IL6 with a specific antibody (51) . The effectiveness of IL6 depletion was verified utilizing growth dependence of murine hybridoma B9 cells on human IL6 (46) . Both recombinant human IL6 (rhIL6)-supplemented (100 pg/ml) and BJ-conditioned media stimulated proliferation of B9 cells, whereas IL6-depleted BJ-conditioned or rhIL6-negative (control) medium had no effect on growth of B9 cells (supplemental Fig. 1B) . Substitution of IL6 antibody by a control-unrelated antibody (to HP1) had no effect on the ability of BJ-conditioned media to support growth of B9 cells, thereby excluding any potential cytostatic effects of neutralizing antibodies (supplemental Fig.  1B) . In BJ cells, the level of activated STAT3 (Fig. 3E) as well as PML mRNA (Fig. 3F ) was decreased after 2 days of cultivation in medium depleted of IL6. A similar effect of IL6 neutralization on PML level was reproduced in HeLa cells (see supplemental Fig. 1C) . Likewise, HeLa conditioned medium but not its IL6-depleted form supported growth of B9 cells (supplemental Fig.  1D ). Furthermore, stimulation of HeLa with exogenous rhIL6 (5000 pg/ml) led to increase of activated and total STAT3 levels after 30 min post-stimulation and persisted for at least additional 6 h (Fig. 3G ). This was accompanied by elevation of PML transcript, the increased level of which was clearly observed after 1 h of IL6 treatment (Fig. 3H) . Notably, the same treatment of U2OS cells led to a delayed response; the increase of activated and total STAT3 was not observable until 48 h of IL6 exposure (supplemental Fig. 1E ) followed by elevation of PML mRNA transcript (supplemental Fig. 1F ). Stimulation of U2OS and HeLa cells with IL6 also increased the number of PML NBs (Fig.  3I and data not shown) . Altogether, these findings indicate that IL6 and STAT3 are involved in regulation of basal PML gene expression.
PML Gene Induction by IL6-STAT3 Is Regulated via an ISRE Element in the PML Gene
Promoter-Previously, the main IFN-JAK/STAT signaling-responsive regulatory site of PML gene promoter has been mapped to a DNA binding element of the PML proximal promoter, ISRE (ϩ605/ϩ618; numbered relative to transcription start; Ref. 27 ). We found that deletion of the ISRE element within the 1.44-kbp HindIII fragment of the proximal PML gene promoter regions driving a luciferase reporter led to a significant decrease of basal reporter gene activity (Fig. 4A) . Moreover, depletion of culture medium with the IL6 neutralizing antibody resulted in a decrease of luciferase reporter gene activity driven with promoter containing wild type ISRE element, whereas the reporter gene activity of construct with deleted ISRE element remained unchanged irrespective of IL6 depletion (Fig. 4B) . On the other hand, the increase of luciferase activity in HeLa cells treated with IL6 was observed after 1 h for wild type ISRE but not for PML promoter with deleted ISRE (Fig. 4C) . These results further support the role of the ISRE DNA binding site in response to IL6. To prove direct binding of STAT3 to human PML ISRE binding site in vivo, we performed chromatin immunoprecipitation (ChIP). As shown in Fig. 4D , treatment of HeLa (for 0.5, 1, and 6 h) and U2OS cells (48 h) with IL6 resulted in increased binding of STAT3 to the PML gene regulatory region-containing ISRE sequence in comparison to the non-stimulated state. No increase of STAT5 binding to PML ISRE was observed in HeLa cells treated with IL6 (supplemental Fig. 1, G and H) . Note that STAT3 binding in unperturbed BJ, HeLa, and U2OS correlated with basal levels of PML expression in these cell types.
Comparison of the PML ISRE sequence with the sequence of STAT3 consensus binding site derived from previously identified STAT3 binding sequences on STAT3-regulated genes, as listed in Table 3 in Ehret et al. (52) , showed a good match (supplemental Fig. 1I ). Collectively, these findings indicated that PML gene expression is directly regulated by an IL6-activated signaling pathway and STAT3 as transcription activator directly binding to the PML gene promoter.
NFB Signaling Contributes to IL6-STAT3-mediated PML Expression-Besides the JAK/STAT3 pathway, IL6 stimulates the PI3K/Akt-PKB/ B kinase/NFB signaling cascade through activation of JAK kinases (53) . Therefore, to investigate the mechanism controlling both PML gene expression and activity of the IL6-STAT3 pathway, we focused on NFB signaling, as IL6 can regulate its own expression through a positive feedback loop involving NFB (see e.g. Ref. 54) . Notably, the levels of the active serine 473-phosphorylated form of Akt kinase were proportional to levels of IL6, activated STAT3, and PML in the three cell types tested (supplemental Fig. 2A ). RNAi-mediated down-regulation of NEMO, the ␥-subunit of IB kinase required for kinase activity of the complex and activation of NFB (55), depleted (Ͼ90%) NEMO mRNA (see Fig. 5 , A and G, and supplemental Fig. 2E) and protein (Fig. 5B ) in BJ cells 2 days after siRNA transfection. To assess the impact of NEMO knockdown, we estimated mRNA levels of known NFB targets LMP2 and IRF1, both of which were decreased (supplemental Fig. 2, B and C) . Importantly, we found that the levels of PML mRNA (Fig. 5C ) and PML protein (Fig. 5B) were also decreased in such NEMO-depleted cells. The resulting decrease of PML protein on immunoblot was relatively modest, as expected from the long half-life of PML (Ͼ24 h; see Ref. 33) . NEMO knockdown was also accompanied by a decrease of total and activated STAT3 (Fig. 5B) . As IL6 is one of the transcriptional targets of NFB, we estimated its transcript and protein levels after NEMO depletion. As expected, both IL6 mRNA (Fig. 5D ) and protein (supplemental Fig. 2F) were decreased, consistent with reduction of NFB activity and explaining the concomitant IL6-STAT3 Regulates PML Gene Expression AUGUST 3, 2012 • VOLUME 287 • NUMBER 32
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decrease of STAT3 activation. The effect of NEMO down-regulation on STAT3 activation and PML mRNA levels was bypassed by the addition of rhIL6 into culture medium during siRNA treatment (see "Experimental Procedures" for details; Fig. 5, E and F) . However, the addition of rhIL6 had no significant effect on mRNA levels of NEMO itself and the known NFB target IRF1 (Fig. 5, G and H) . Thus, to test whether NFB signaling acts upstream of or in parallel to IL6-STAT3 signaling to control PML gene expression, the double knockdown of STAT3 and NEMO in BJ cells was performed and analyzed. We A, shown is efficiency of STAT3 knockdown by specific siRNA detected on mRNA given as the -fold induction of PML mRNA levels relative to BJ transfected with control nonspecific siRNA (␤-actin was used as a reference gene). B, shown is protein level by immunoblot detection of PML, total, and activated STAT3 in BJ cells 2 days after transfection. Ratios of major unmodified PML isoforms and GAPDH, estimated by densitometric analysis, are given on the right side of the PML immunoblot. Shown is down-regulation of PML after STAT3 knockdown, estimated at protein levels by immunofluorescence detection of PML NBs (C) and on mRNA levels by qRT-PCR in BJ cells (D) 2 days after transfection. The values represent the average of three independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to BJ transfected with control nonspecific siRNA. Bar, 15 m. E, shown is down-regulation of STAT3 activity measured as tyrosine 705-phosphorylated STAT3 2 days after depletion of IL6 from medium by IL6 antibody (IL6 AB, 2 g/ml ; antibody was at all times in the medium) in BJ cells; GAPDH was used as a loading control. F, down-regulation of PML mRNA levels was estimated by real time qRT-PCR in BJ cells 2 days after depletion of IL6 from medium by IL6 antibody (AB). The values represent the average of three independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to BJ without IL6 depletion; ␤-actin was used as a reference gene. Asterisks (***) represent p values Ͻ 0.005. G, time-course response of total and activated STAT3 and STAT5 levels was detected by immunoblotting as tyrosine 705-phosphorylated STAT3 and tyrosine 694-phosphorylated STAT5 in HeLa cells treated with IL6 (5000 pg/ml). H, time course response of PML mRNA levels in HeLa cells treated with IL6 (5000 pg/ml) estimated by RT-qPCR. The values represent the average of two independent experiments performed in triplicate and are given as -fold induction of PML mRNA levels relative to untreated HeLa cells. I, induction of PML protein levels was detected as PML NBs by indirect immunofluorescence in U2OS cells after a 2-and 4-day exposure to recombinant human IL6 (rhIL6; 1000 pg/ml). Bar, 15 m. observed no additive or synergistic effects of the combined STAT3/NEMO knockdown on the number of PML NBs and PML mRNA (Fig. 5, I and J; for knockdown efficiency, see supplemental Fig. 2, D and E) , indicating that the NFB pathway acts upstream of the IL6-STAT3 signaling module. We interpret these data as evidence for a role of NFB signaling in control of a previously unrecognized IL6-dependent autocrine/ paracrine loop that maintains activity of the IL6-STAT3 pathway and PML level.
DISCUSSION
PML is a multifunctional protein that belongs to the family of interferon-stimulated genes. Expression of PML is stimulated by interferons of type I and II (9 -12), which are produced during cellular responses to viral infection (for review, see Ref. 56) and some genotoxic insults (32, 33) . Response of PML to both types of interferons is mediated via transcription factors STAT1 and STAT2 (27) , and it is suppressed by inhibitors of histone deacetylases (47) . Besides STAT1 and STAT2, overexpression of STAT5a led to elevation of PML NBs (57) . In addition to this mode of transcriptional regulation, Shtutman et al. (58) showed that overexpression of ␤-catenin induces PML, indicating that Wnt signaling can participate in regulation of PML gene expression. Furthermore, De Stanchina et al. (17) reported that induction of PML during oncogenic Ras signaling depends on intact Arf and p53 and that PML is a direct target of p53. None of these studies, however, has addressed the mechanism of constitutive expression of this important antiviral and tumor suppressor protein. Here we show that the variation of PML content in different cell types propagated under standard cell culture conditions relies on constitutive activity of IL6-dependent signaling and thus is regulated in autocrine/paracrine manner. Analysis of two IL6-dependent signaling pathways, JAK/STAT3 and Akt/NFB, by experimental manipulation of key components revealed responses of PML transcript and protein levels. Our data also indicate a functional cross-talk of the two pathways through a positive regulatory loop consisting of self-regulated expression of IL6 via Akt/NFB (see the scheme supplemental Fig. 2G) .
Although the role of IL6 as a signaling molecule that mobilizes organism-protective systems including innate and acquired immunity is well established, the precise functions of PML and PML NBs in cellular stress responses are not well understood. There is accumulating evidence that PML is involved in response to 1) viral infections and 2) genotoxic stress (for review, see Ref. 59 ). Importantly, both types of response result in induction of IL6, suggesting a potential physiologically significant link between IL6 signaling and PML.
PML and Viral Infections-Interferons are produced in virus-infected cells and regulate cellular antiviral responses via controlling expression of a large number of interferon-stimulated genes, which then interfere with critical processes of viral replication cycle. Importantly, overexpression of PML can establish resistance to infection by some viruses (such as RNA vesicular stomatitis virus and influenza virus) through prevent- (66) . A nucleus entering viral capsid proteins can sequester PML before disaggregation (67) , and PML NBs disruption is linked to formation of viral DNA replication compartments containing PML liberated from PML NBs (68 -71) . Moreover, HSV-1 infection is accompanied by proteasome-dependent degradation of PML (72) . Importantly, oncogenic viruses, such as hepatitis C virus HCV inactivate the PML tumor-suppressive pathway and thus block activation of p53 (73) .
IL6-STAT3 Regulates PML Gene Expression
PML and Genotoxic Stress-Intriguingly, the common theme of response to viral infections and DNA damage is dynamic redistribution of PML NBs and associated proteins to sites of viral genomes and DNA damage, respectively (for review, see Ref. 59 ). The first indirect evidence of PML involvement in response to genotoxic stress came from the findings that NBS1 and MRE11, components of the Mre11-Rad50-NBS1 complex that senses, signals, and partly processes DNA double strand breaks, are present in PML NBs (74, 75) . Lately, Carbone et al. (34) showed the increase of PML and PML NBs after ionizing irradiation accompanied by delayed but gradual colocalization of PML NBs with sites of persistent DNA breaks. The colocalization of PML NBs with late DNA damage foci was confirmed in other studies utilizing genotoxic drugs as DNA-damaging agents (33, 35) or bacterial toxins (26). 5 As mentioned above, the common denominator of these two types of stresses (viral and genotoxic) is activation of a complex cytokine network including induction and secretion of IL6 (26, 32, 76 -78) . In our previous work we showed that both JAK/STAT1/2 and JAK/ STAT3 signaling is involved in stress-induced PML gene transcription (32, 33) . One of the key questions raised by those studies was which other cytokines in addition to interferons induce PML (13) . Until now, however, the critical ligand activating the STAT3 pathway remained unidentified due to a wide spectrum of genotoxic stress-induced cytokines.
The IL6-STAT3 Pathway Controls Basal PML Gene Expression-With the goal to identify the mechanism of PML transcription under unperturbed cell culture conditions, we employed three cell types (BJ, HeLa, and U2OS) that differ in constitutive numbers of PML NBs, PML mRNA, and protein levels. Remarkably, medium conditioned with PML NB high content BJ cells induced PML mRNA, protein, and PML NBs in U2OS with low content PML NBs, indicating autocrine/paracrine signaling as a main mode of regulation of PML "basal" transcription. As we observed no differences in endogenous DNA damage response (determined as the activation of p53 and presence of ␥H2AX/53BP1 foci) or activity in stress signaling (as judged from the T180/Y182 activated form of p38MAPK; data not shown) under our culture conditions, we excluded the effect of activated p53 on PML transcription. However, when analyzing the activity of JAK/STAT1/2, JAK/ STAT5, and JAK/STAT3 pathways, we noticed cell type-specific differences in the level of activated STAT3 but not STAT1 and STAT5. Moreover, we found marked cell type-dependent variation in the amount of STAT3-activating ligand IL6 secreted into culture media, which correlated well not only with activated STAT3 but also with numbers of PML NBs, PML protein, and mRNA levels. Importantly, both media supplemented with human recombinant IL6-or BJ cells-conditioned media containing IL6 resulted in induction of PML and PML NBs in U2OS or HeLa cells. In addition, both depletion of IL6 in culture medium with IL6 neutralizing antibody and siRNAmediated knockdown of STAT3 led to a decrease of STAT3 active form, PML mRNA and PML NBs in BJ cells.
The responsiveness to IL6 can be modulated by the level of expression of its cognate receptor IL6 receptor and other components of this signaling pathway. This is supported by a kinetic study of STAT3 activation in HeLa and U2OS cells by IL6 that was accompanied by a proportional response of STAT3-dependent PML transcription in these two types of cells. Although the response of HeLa cells to exogenous IL6 was fast, as is expected for this type of signaling, there was a significant delay in STAT3 tyrosine 705 phosphorylation and related STAT3 and PML gene induction in U2OS cells. We suggest that the basis for such a difference is the initial "constitutive" level of STAT3 at the time of exogenous IL6 addition, being relatively high in HeLa but low in U2OS cells. Such effect can reflect the existence of positive feedback (see below), which contributes to accumulation of components of the signaling pathway thus progressively amplifying the cell response to an ongoing stimulus.
As shown previously, deletion of PML ISRE element led to a decrease of luciferase reporter gene activity in cells exposed to type I interferons (27) . Our findings summarized on Fig. 4 , including chromatin immunoprecipitation to prove direct binding of STAT3 to the PML gene regulatory region in vivo, indicate that IL6-mediated STAT3 signaling controls PML transcription through the same DNA binding element, which comprises a nucleotide sequence similar to the common consensus binding site of STAT transcription factors (52) . In fact, the PML ISRE element resembles STAT3 consensus better than that of STAT1 (79) (see supplemental Fig. 1E ). Altogether, our data indicate that IL6 controls PML gene expression under unperturbed cell culture conditions via JAK/STAT3 signaling and direct binding of STAT3 to the PML regulatory region.
Role of Akt-NFB Signaling in IL6-mediated Induction of PML-The activation of IL6 receptor transmits signal to three pathways: (i) JAK/STAT3, (ii) PKB/Akt, and (iii) ras/raf/ MAPK. Because IL6 gene expression is directly controlled via NFB (80), we hypothesized that IL6 transcription and production is under IL6 self-control in a positive feedback loop via activation of the Akt-NFB pathway. Indeed, the active form of kinase Akt correlated with secreted IL6 in the three cell types tested here, being highest in BJ and undetectable in U2OS. siRNA mediated knockdown of a key component of NFB activation, the ␥-subunit of IB kinase NEMO, resulted in suppression of IL6 protein and mRNA levels and activated STAT3 and PML mRNA and protein levels. We cannot exclude the possibility that PML transcription is at least in part directly regulated by NFB, as several putative NFB binding sites are present in the proximal PML promoter. However, the fact that knockdown of NEMO and down-regulation of NFB signaling (con-firmed with decreased expression of known NFB targets IRF1 and LMP2; (81, 82) can be bypassed by the addition of recombinant IL6 suggests that NFB signaling is not acting in parallel but rather upstream of STAT3 signaling via modulation of IL6 production. Indeed, the combined knockdown of NEMO and STAT3 did not result in either additive or synergistic effects, thereby further supporting our conclusion that both modules operate in succession along the same signaling pathway.
The cell type-specific nature of variation in constitutive IL6 signaling and resulting PML expression has not been addressed here except for the observed correlations of the analyzed parameters. This is an interesting question that deserves further research to identify key component(s) of a negative feedback, which sets the basal level of the IL6 signaling circuitry. Whether this putative negative feedback acts on regulation of IL1␤ signaling (50) as a potential upstream stimulus of IL6 induction under normal conditions should be further investigated.
Conclusion-In this study we demonstrated that interleukin 6 (also called interferon ␤2) regulates basal PML transcription via JAK/STAT3 and Akt/NFB signaling, thus broadening the spectrum of cytokines involved in PML gene expression. We anticipate that this mechanism participates in part in PML gene regulation also in scenarios when cells in tissues encounter viral or genotoxic stress, which are accompanied by IL6 induction. This can be the underlying mechanism of elevated PML observed in initial stages of several human tumors (8) . Notably, initial but not advanced tumor stages contain senescent cells (38) , and there is evidence that all forms of cellular senescence are accompanied by production of IL6 (26, 32, 76 -78, 83) . The paracrine effects of IL6 can also explain the elevation of PML and PML NBs in tumor stroma and tumor endothelial cells (8) . Given the involvement of PML in cellular stress responses, we propose that such paracrine component of PML gene induction is a part of tissue adaptation to local stress, aiming to alarm and prepare the surrounding intact cells to face the challenge of incoming damage to avoid further spreading of injury.
